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The behaviour of a marine mammal near a noise source can modulate the sound exposure it 25 receives. We demonstrate that two long-finned pilot whales surfaced in synchrony with 26 consecutive arrivals of multiple sonar pulses. We then assess the effect of surfacing and other 27 behavioural response strategies on the received cumulative sound exposure levels and 28 maximum sound pressure levels (SPLs) by modelling realistic spatiotemporal interactions of 29 a pilot whale with an approaching source. Under the propagation conditions of our model, 30 some response strategies observed in the wild were effective in reducing received levels (e.g. 
Analysis to identify synchronous surfacing with the sonar
211
The dive profiles of 10 long-finned pilot whales were part of the analysis of surfacing 212 synchronicity with the arrivals of sonar pulses (Table 1) . Six whales were subjects in the five Table 1 ). Baseline data were included for four long-finned pilot whales 215 tagged in 2010 when sonar experiments were not conducted. The baseline period was the 216 period between the time that the tag boat left the whales and either the start of the first 217 exposure session or the time that the tag came off if there was no exposure session.
218
The length of time each whale spent at the sea surface was automatically determined using an 219 algorithm that identified surfacing periods within the tag record. The algorithm was based 220 upon two threshold criteria; the depth at which the whale was judged to have returned to the 221 surface (0.14 m), and the minimum depth required to identify the start of a dive (0.6 m). The 222 values of these thresholds were estimated based upon a manual analysis in which all 223 surfacing periods were marked after a visual inspection of a subset of dive data (1 h per tag; 224 selected at random). The duration of a sonar pulse was defined as the interval between the 225 first and last time when the received time-weighted SPL (averaging time: 10 ms) in the sonar 226 frequency band exceeded a threshold of 10 dB below its maximum. If the pulse duration 227 could not be determined in this way (for example, when the tag was out of the water), the 228 start and end point of the pulse were estimated from adjacent pulses by linear interpolation.
The duration of received pulses averaged 1.12 s (SD=0.31 s). This average duration was 230 slightly longer than the duration of the transmitted pulse (1 s) because the received signal was 231 a combination of multiple paths that arrived at the receiver at slightly different times.
232
We identified which of the transmitted pulses arrived when the whale was at the surface.
233
Some inaccuracy in timing due to the tag placement position and/or the behaviour of the 234 whale was expected, so we defined a pulse as overlapped when at least 50% of its duration 235 overlapped with a surfacing (surface duration < 5 s) or a logging period (surface duration ≥5 236 s). Our main interest was the sequences of successive sonar pulses overlapped by surfacings, 237 termed 'sequential overlaps'. Hence, the number and durations of all sequential overlaps in 238 each exposure session were identified.
239
To evaluate whether or not a sequential overlap was longer than expected due to chance 240 timing of surfacings relative to the inter-pulse timing of the sonar, we calculated the 241 probability that the sequential overlap could occur by chance in the baseline records (N=9 242 whales; Table 1 ) using a randomisation procedure. For each iteration, the full sequence of whale (gm08_159a) and his group slowed down and slightly changed heading (Fig. 1a) 
268
We selected five behavioural response strategies of long-finned pilot whales based upon trajectories of exposure session 3-1 (Fig. 1a) too great a distance which made the vertical behaviour of the whale less relevant.
309
To simulate realistic dive behaviour, all baseline records of tagged pilot whales (Table 1) 310 were used to construct composite dive profiles that represented either deep or shallow diving 
336
The simulation for surfacing in synchrony with the sonar pulses was produced by changing an animal approaching the sea surface very closely to reduce the sound levels to which the 378 animal is exposed.
379
The energy source level (SL E ) was calculated from the source level as Carlo method. At each iteration, a new 3D trajectory for the simulated whale was generated 397 using the rule for horizontal whale movement and a randomly-selected period of the 398 composite dive profile and, for scenarios C and D, the composite horizontal speed profile.
399
The received SEL cum and SPL max of the simulated 3D trajectory were then calculated and 400 stored. Each Monte Carlo distribution was based upon 10,000 iterations. We used kernel 401 smoothed densities to visualise the probability distributions.
403
Results
404
Observations of long-finned pilot whales surfacing in synchrony with sonar arrivals 405 Out of a total of 1581 sonar pulses that were transmitted during all 12 exposure sessions, 154
406 pulses arrived at the whale when the animal was at the surface (Table 2) . We identified five
407
'sequential overlaps' of surfacings and sonar pulses in the data set ( Fig. 4 ; reflected behavioural responses to the sonar.
418
The dive profile of whale gm08_159a during exposure session 3-1 is shown in Fig. 5a . In the second part of the study, we simulated behavioural strategies that long-finned pilot 115 dB at the start of the session to 165 dB at the minimum source-whale range (Fig. 5b) .
436
The modelled SEL cum at the end of the exposure session was 174 dB. The root-mean-square 437 error between all modelled and measured single-pulse SELs was 4.7 dB, and the modelled 438 SEL cum was 1.9 dB lower than the measured SEL cum at the end of the session. The modelled propagation model assumed.
448
In model scenario A, the horizontal trajectory of both the simulated whale and the source 449 were the same as during the real exposure session (Fig. 1a) . dive behaviours, and IQRs were small (2.0-2.6 dB).
454
In scenario B, the simulated whale was horizontally stationary and the source's line of 455 approach was directly towards and past the whale's location (Fig. 1b) of bimodality in the probability density distributions (Fig. 6b) diving by a very small amount; in both scenarios the median SEL cum received by the 466 simulated whale was reduced by 0.6 dB (Fig. 6) . The four synchronous surfacings had no 467 effect on the SPL max as the behaviour started after the minimum source-whale distance.
468
In scenario C, the trajectory of the source was the same as in scenario B and the simulated 469 whale moved horizontally in a straight line at one of 17 angles away from the projected future 470 path of the source (Fig. 1c) . The relative heading of the simulated whale that resulted in the 471 lowest median SEL cum was 100°; the lowest median SPL max corresponded to a relative 472 heading of 110° (Fig. 7a) . The angular sectors in which the median SEL cum was within 1 dB 473 and 3 dB from the lowest median were wide; approximately 70° and 120°, respectively (the 474 respective angular sectors for SPL max were slightly narrower: 50° and 100°).
475
In scenario D, the trajectory of the source was the same as in scenarios B and C but the 476 simulated whale turned continuously because its heading was relative to the position of the source (i.e. the source was at 0°) (Fig. 1d) . The horizontal trajectory that resulted in the 478 largest reduction in SEL cum and SPL max had a relative whale heading of 120° (Fig. 7b) loss, reduction in the energy budget); a small decrease at a high level can be of greater 508 significance to the animal than a larger decrease at a low level.
We assumed that the real whale received as much sound exposure near the sea surface as was (300-800 m).
542
However, our simulations showed that surfacing four times in synchrony with the sonar 543 arrivals at 1 minute after CPA was not an effective strategy to reduce SEL cum (Fig. 6) , which 544 can be explained by the fact that the received SEL cum for a fast-moving sound source is most 545 strongly influenced by the sound exposures that are received when the source is at a close 546 range. These sound exposures at close range also resulted in no effect of the four synchronous 547 surfacings on the received SPL max (Fig. 6) . We only tested one scenario (i.e. four pulses after 548 CPA) that was based upon the observed behaviour, but alternative scenarios (e.g. with a 549 different number of pulses, timings, source characteristics, source distances, propagation 550 conditions) can be explored in future studies.
551
The relatively high sound levels received prior to the observed responses potentially surfacings.
566
The lack of comparable responses to the 6-7 kHz sonar signals may be a result of the lower 567 source level that was used for this signal; the received SPL max never exceeded 150-167 dB 568 during the five 6-7 kHz exposure sessions (Table 2) . However, it is conceivable that pulsed Here, species-typical behaviour was used to simulate the vertical movement of the whale, but 
591
To horizontally avoid high sound exposures from the approaching source, moving 592 approximately perpendicular (100°-110°) to the source track was always the best strategy 593 when the simulated whale was moving in a straight line (scenario C). This result will be 594 achieved nearly-optimal results was wide. This shows that horizontal avoidance can be 604 effective so long as a whale moves roughly away from the predicted trajectory of the source.
605
The effect of relative speed on the effectiveness of a response is apparent when comparing 606 the SEL cum for linear whale trajectories that are close to the track line of the source (10° vs.
607
170°; Fig 7a) . A whale that moves directly toward the source will generally receive a lower 608 SEL cum than a whale that is moving in the same direction but is overtaken, as in the example from, but also has some ability to estimate the distance to the source and its speed. 
1102
Gm09_138a and Gm09_138b were both exposed to sonar during the same experiment. *The transmitted
1103
waveform was a downsweep instead of an upsweep. 
